INTRODUCTION
Copper homoeostasis in the human body is maintained by changes in both the absorptive efficiency in the gut and biliary copper excretion. Therefore an estimate of endogenous copper losses is essential in order to measure true copper absorption. Assessments of copper absorption in human studies have traditionally relied solely on the use of the faecal monitoring technique using stable isotopes. In order to accurately determine true copper absorption using the faecal monitoring technique, it is essential that complete faecal collections are made for at least 10 days and that the quantity of re-excreted copper label is estimated [1] . Faecal monitoring is timeconsuming and unpleasant, which may result in volunteer non-compliance. Therefore it is important to have an accurate method for determining completeness of faecal collection. An ideal faecal marker would have an identical excretory profile to that of copper, be completely nonabsorbable and allow the delineation of non-absorbed copper stable isotope excretion from that which is due purely to re-excretion. In addition, any such marker must be of naturally low abundance in the diet and easily quantifiable.
The rare earth elements are a group of 14 inert elements (lanthanides) that are found in trace amounts in the diet, are absorbed in negligible quantities by the mammalian gastrointestinal tract [2] [3] [4] and are non-toxic [5] . Hutcheson et al. [3] suggested that rare earth elements could be used to monitor various nutrients without monitoring food intake directly, as the rare earth element content of food was found to be negligible. Several workers have suggested the use of rare earth elements as faecal markers in mineral absorption studies involving stable isotopes, but published data are somewhat limited. In particular, there is a lack of satisfactory studies on the validity of using holmium for this purpose in copper absorption studies.
In the present paper we report data from a study undertaken to evaluate the usefulness of the rare earth element holmium as a non-absorbable faecal marker in copper isotope absorption studies. The holmium data also allow the re-excretion of the label to be accurately quantified. All data presented here formed part of a larger study investigating copper absorption from a variety of foods labelled either intrinsically or extrinsically with a highly enriched '&Cu label. The absorption data will be published separately.
METHODS

Subjects
Volunteers were recruited through advertisements placed in the Norwich area. Ten healthy adult volunteers (nine female, one male) were recruited to take part in the study ; subject characteristics are given in Table 1 . A 10 ml blood sample was taken from each volunteer for clinical screening to ensure that biochemical indices and haematological measurements (MD 8 Coulter Counter), including haemoglobin, haematocrit and mean red cell volume, were within the normal range. Other exclusion criteria included chronic illness, the taking of medication or nutritional supplements, and smoking. The study protocols were explained to the volunteers and written, informed consent was obtained. The research was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association and the protocol was approved by the Norwich District Ethics Committee.
Study design
The study involved the measurement of copper absorption from a range of test meals consisting of foods labelled either intrinsically or extrinsically with a maximum of 3 mg of highly enriched (99.6 %) '&Cu stable isotope or from a 3 mg reference dose in a diet cola drink (data to be published elsewhere). Details of the composition of the test meals are given in Table 2 . Following 
Dose preparation
Isotopically enriched copper chloride ('&CuCl # ) was prepared from elemental '&Cu (Europa Scientific Ltd, Crewe, U.K.) by dissolving the metal in 10 ml of concentrated HNO $ (BDH, Poole, Dorset, U.K. ; Aristar grade) and evaporating to virtual dryness. The sample was then taken up in 25 ml of 0.1 M HCl (BDH ; Aristar grade) and again evaporated almost to dryness ; this stage was then repeated twice more, and finally the sample was taken up in an appropriate volume of 0.1 M HCl. The solution was divided into individual doses and stored in plastic vials at k20 mC until required. The concentration was determined accurately by atomic absorption spectrometry (AAS).
The holmium oral doses were prepared by dissolving holmium chloride (Avocado Research Chemicals Ltd, Heysham, Lancs., U.K.) in demineralized, purified water (Elga, Cambridge, U.K.) to a concentration of approx. 0.5 mg\ml. The solution was divided into individual 1 mg doses and stored in plastic vials at k20 mC until required. The concentration was determined accurately by inductively coupled plasma MS (ICP-MS).
Production of intrinsically labelled food
Sunflower (Helianthus annuus) seeds and soya beans (Glycine max) were intrinsically labelled with the highly enriched '&Cu stable isotope by cultivating the plants using hydroponic techniques [6] . Copper concentrations and isotope enrichments were determined by AAS and ICP-MS respectively.
Sample preparation and analysis
Faecal samples were autoclaved, freeze-dried, ground to a fine powder in a mortar and pestle and sub-sampled. The number of radio-opaque markers in each sample was recorded. Two 0.5 g replicates of each powdered faecal sample were microwave-digested until a clear solution was obtained. For quantitative analysis of copper and holmium, 1 ml of the acid digest was diluted to 10 ml Holmium as a faecal marker certified reference material tea (Cu 17.3p3 µg\g) for copper gave a mean value of 16.2p1.0 µg\g (n l 4). Samples were analysed quantitatively for copper by AAS using a Thermo-Unicam Solaar 969 atomic absorption spectrophotometer, which had been calibrated with standards prepared from 1000 mg\l SpectrosoL (BDH) stock solution. Measurements were made as described previously [7] . Holmium was quantified by ICP-MS using a VG PQ2j instrument (VG Elemental, Winsford, Cheshire, U.K.). Typical operating conditions are given in Table 3 .
Mathematical analysis
Some calculations are necessary in order to estimate the quantity of recovered copper label that has been reexcreted. Firstly, the mole fraction of labelled copper in a stool is defined as the quantity of recovered copper label divided by the quantity of recovered total copper (all corrected for differences in molecular mass). The calculation of this is shown in the Appendix. Assuming that all subsequent stools after the complete collection of holmium only contain re-excreted labelled copper, it is possible to plot the mole fraction of labelled copper against time for these latter stools, fit a straight line through the points (in the form y l mxjc) and extrapolate back to the time of dose administration. This allows the calculation of the mole fraction of re-excreted labelled copper in the earlier stools. Knowledge of this, along with the measured total copper content in those stools, permits calculation of the quantity of re-excreted copper label in each stool, which can be applied as a correction to estimate the true absorption of the labelled copper dose. All data are expressed as means (pS.D.). Correlation analysis was used to compare the excretory patterns of labelled copper and holmium.
RESULTS
A mean percentage faecal recovery (pS.D.) of 105p15 % was obtained for the holmium dose ; the baseline faecal sample for each volunteer contained only negligible amounts of holmium. In all cases, the unabsorbed copper label and the holmium had very similar excretory patterns, and there was also no difference in holmium recoveries between the different test meals. Individual transit times of the volunteers varied ; however, the majority of the holmium was generally recovered in the faeces within 6 days after dosing. There was no difference in the excretory profile of either copper or holmium when the copper dose was given as an intrinsic or an extrinsic label. are illustrated in Figure 1 . The holmium was completely recovered within 3-6 days after dosing, and at this point it was assumed that all subsequent stools contained reexcreted labelled copper. Figure 2 displays the recovered re-excreted label against time for the same volunteer as in Figure 1 (top panel). The excretory pattern appears to be a random series of recoveries. By converting the same data into the mole fraction of recovered, re-excreted label against time (Figure 3) , a trend emerges. A straight line of the form y l mxjc was fitted through these points, which allowed an extrapolation back to the time of dose administration, thus giving an estimate of the mole fraction of re-excreted label in the earlier stools. For each stool, the quantity of labelled, re-excreted copper can be estimated from the mole fraction and the quantity of total copper in the stool (see Appendix for details). Figure 4 shows how the estimated quantity of labelled, re-excreted (endogenous) copper varies with time. The quantity of re-excreted label in each stool is used to correct the amount of recovered labelled copper. An estimate can then be made of the unabsorbed copper from the administered dose. The total recovery of rare earth and label (corrected and uncorrected) can be calculated by The broken line (overlaid by the solid line) represents the line y l x. The solid line represents the linear best fit through the data points.
summing all the holmium and labelled copper (corrected and uncorrected for re-excreted label) in the volunteer's stools. If the individual stool recoveries are then divided by total recoveries, the fractions of holmium and label in each stool can be calculated. These are plotted against each other in Figure 5 (uncorrected label recovery) and Figure 6 (corrected label recovery). The slope (pS.E.M.) of the line in Figure 5 is 0.84p0.01, and that in Figure 6 is 0.99p0.01. A slope equal to 1 would indicate that the copper and holmium share identical excretory patterns.
DISCUSSION
Copper absorption can be described as a three-stage process, consisting of uptake from the gastrointestinal lumen by the mucosal cells, intra-enterocyte transfer and serosal transport into the systemic circulation. Copper that has not been transported into the body, but is lost through mucosal cell exfoliation, is usually not classified as absorbed. When copper is absorbed into the circulation it is transported rapidly to the liver as a complex bound to serum albumin, amino acids and possibly transcuprein [8, 9] , where it is incorporated into the long-term transport protein caeruloplasmin. Copper excretion from the body is achieved via the secretion of bile and other intestinal secretions such as pancreatic juice [8] . Copper homoeostasis in the human body is maintained by changes in both the absorptive efficiency in the gut and biliary copper excretion. When measuring absorption, the difference between labelled copper intake and excretion in faeces (i.e. luminal disappearance) is defined as apparent absorption. However, when an allowance is made for the re-excreted copper, the term true absorption is used. Previous studies have used rare earth elements as non-absorbable faecal markers to delineate the excretion of unabsorbed isotope from endogenous secretion, and also to correct for completeness of collection [10, 11] . To date, however, there has been no validation of the reliability of using the rare earth element holmium as a faecal marker in '&Cu stable isotope studies.
In order for rare earth elements to be valid markers in mineral absorption studies, it is essential that they are completely non-absorbed and have similar temporal patterns of excretion. If both criteria are met, it is then possible to use rare earth element methodology to reduce the period of faecal collection to a few days if only apparent absorption data are required. For the estimation of endogenous losses of copper, it is still essential to collect individual stools for about 10 days. It should be noted that a complete recovery coupled with dissimilar excretory patterns only permits the use of rare earth elements as markers of complete faecal collection by the subject.
Previous studies have evaluated the use of various rare earth elements as faecal markers in human stable isotope studies. Dysprosium has been used as a quantitative faecal marker in human mineral absorption studies, where the excretion kinetics were found to parallel those of zinc and magnesium, but not copper [10] . However, in all cases dysprosium recovery from the faeces was complete. A more recent study has supported these earlier findings, concluding that dysprosium does not share the same excretory pattern as copper and therefore is not a valid faecal marker [12] . However, in that study, faecal samples were collected for only 4 days post-dosing in three volunteers and for 14 days in a fourth volunteer, which meant that complete recovery of the dysprosium dose was only achieved in the last volunteer. In order to verify the validity of rare earth elements it is essential to attempt complete recovery of the dose and, therefore, only limited conclusions can be drawn from these data. The complete recovery of the rare earth elements samarium and ytterbium has been reported previously in human studies [11, 13, 14] . In one of the studies, samarium was administered with iron as a highly enriched &(Fe label, ytterbium with a highly enriched &)Fe label and dysprosium with a highly enriched &%Fe label [11] . In each case there was complete recovery of the rare earth element, and the excretory patterns of the iron isotopes and the rare earth elements were very similar. As a result, predicted values of iron absorption from the first 4 days of pooled faeces using rare earth element recovery data were in close agreement with the measured values.
The holmium used in the present study was found to be virtually unabsorbed in the gastrointestinal tract, as demonstrated by its complete recovery. In addition, the negligible holmium content of the baseline faecal samples demonstrated that the habitual diets of the volunteers contained only trace amounts of holmium. Any significant contribution of holmium from either the test meals or the habitual diets of the volunteers would have caused an increase in faecal holmium recovery. Therefore all holmium recovered in the faeces originated from the holmium dose. The strong correlation between the excretory patterns of holmium and unabsorbed copper label demonstrates the validity of using holmium as a predictor of apparent copper absorption. This could be achieved by measuring the holmium content of all the stools and the copper label content of any of the first three. All the other stools could then have their copper content estimated from the pattern of holmium recovery. In order to calculate true copper absorption, it is necessary to quantify the endogenous copper losses. This can only be achieved by collecting individual stools for approx. 10 days and analysing each sample for copper and holmium. The first recovered stool that does not contain holmium indicates that any copper label found in that, and subsequent, stools has been absorbed previously (Figure 1 ). Figure 2 shows how the quantity of this reexcreted labelled copper varies with time.
In order to correct content in preceding stools for endogenous losses, an estimate needs to be made of reexcreted copper isotope. There are several potential ways to do this. One method is to fit a line to the re-excreted labelled copper against time data (Figure 2 ) and extrapolate it back to the point of label administration. It can be seen from Figure 2 that this approach is not valid, because the quantity of copper in these stools is dependent not just on the amount of re-excretion but also on the quantity of the stool material collected. This will vary in a random manner, as can be seen clearly in Figure  2 . The variation with time of the mole fraction of reexcreted labelled copper (Figure 3 ) appears to avoid these random fluctuations. This was consistent for the majority of the volunteers. By fitting a line to these data and extrapolating back to the times of previous collections, the mole fraction of the labelled re-excreted copper was calculated for the earlier stools. The Methods section describes how the quantity of labelled endogenous copper loss over the time course of the experiment was calculated, and an example is shown in Figure 4 . When this correction was applied to the labelled copper in each appropriate stool, the quantity of unabsorbed labelled copper could be calculated, which provides an estimate of the true copper absorption of the volunteer. Examination of Figures 5 and 6 provides compelling evidence that holmium and copper share a common excretory pattern once endogenous losses have been taken into account. A slope equal to 1.0 would indicate identical patterns. It also gives a strong validation of the technique to estimate endogenous losses by fitting an equation to the copper data from the last few stool samples.
It can be concluded that the rare earth element holmium used in the present study was found to be virtually unabsorbed in the gastrointestinal tract, as demonstrated by its complete recovery. The strong correlation between the excretory patterns of holmium and the copper label demonstrates the validity of using holmium as a predictor of copper absorption.
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APPENDIX
There are two possible sources of copper in our biological samples : the tracer (the oral dose of copper that was highly enriched in '&Cu) and the tracee (naturally abundant copper). The mass spectrometer response for any particular isotope, say '&Cu, will depend on the number of '&Cu atoms present in the sample that have come from the two sources. Examining each source separately, the number of '&Cu atoms in the sample that have come from the tracer (defined as '&Cu sampletracer ) is proportional to the number of moles of the tracer present in the sample (defined as mol tracer ) and the percentage of the tracer that is actually made up from '&Cu (defined as '&Cu tracer ). Therefore :
'&Cu sampletracer`' &Cu tracer : mol tracer In a similar fashion, the number of atoms of '&Cu in the sample that have been derived from the tracee (naturally abundant) source is :
'&Cu sampletracee`' &Cu tracee : mol tracee The overall contribution from the two sources to the total number of '&Cu atoms will be a linear combination of the two equations above, and is defined as '&Cu sample . Therefore the number of atoms of '&Cu in the sample that have been derived from the tracer and tracee (naturally abundant) source is :
'&Cu sample`' &Cu tracer : mol tracer j'&Cu tracee : mol tracee 
The ratio '$Cu sample \'&Cu sample is equal to the mass spectrometer ratio of the sample, '$/'&R (once any corrections for mass discrimination have been accounted for). Therefore :
'$/'&R l ('$Cu tracer : mol tracer j'$Cu tracee : mol tracee )\ ('&Cu tracer : mol tracer j'&Cu tracee : mol tracee ) (4) Similarly for the '&Cu sample \'&Cu sample ratio :
'&/'&R l ('&Cu tracer : mol tracer j'&Cu tracee : mol tracee )\ ('&Cu tracer : mol tracer j'&Cu tracee : mol tracee ) (5) If we set the denominator in eqns (4) and (5) to be equal to 1\k, then :
1\k l '&Cu tracer : mol tracer j'&Cu tracee : mol tracee (6) Eqns (4) and (5) can now be rewritten :
'$/'&R l '$Cu tracer : k : mol tracer j'$Cu tracee : k : mol tracee
'&/'&R l '&Cu tracer : k : mol tracer j'&Cu tracee : k : mol tracee
Eqns (7) and (8) 
Mole fraction of tracee l Cu fractiontracee l k : mol tracee \(k : mol tracer jk : mol tracee )
It is now a simple task to calculate the quantity of tracer or tracee in any biological sample, because the total copper (defined as Cu total ) in the sample is known from an AAS measurement. Care must be taken to take account of the molecular masses of the tracer (defined as MW tracer ) and tracee (defined as MW tracee ). 
Quantity of tracer l
